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A Framework to Manage Reconfigurability in Manufacturing 
Nowadays, manufacturing firms are dealing with the unpredictability of market 
requirements and the frequent changes induced by technological innovation. For 
this reason, firms are more and more addressing the need to be responsive at an 
affordable cost. To do so, they are required to develop a capability called 
reconfigurability. This paper is a review of the existing literature because the 
current need makes interesting to reflect on the state of the art of reconfigurability 
as a concept. This reflection has led to focus on reconfigurability characteristics 
for both their relevance and their relationships with managerial decisions in 
manufacturing. To this end, a framework has been proposed. It is based on system 
lifecycle and production levels. These two elements have been deduced from 
literature and identified as relevant dimensions for decision making.  
Keywords: reconfigurability characteristics, relationships between 
reconfigurability characteristics, reconfigurability across production levels, 
framework of reconfigurability, reconfigurability capability 
1. Introduction 
Manufacturing firms are facing the challenge of surviving in the current context 
characterized by unpredictable and frequent market changes and the demand for products 
with shortened life cycles (Koren, Wang and Gu, 2016). The fact that market is 
increasingly demanding products variations has led to the concept of evolvable product 
families (ElMaraghy, 2007). In other words, the products variations are increasing in 
scope and frequency. In order to manufacture new/changed product families, firms need 
to change one or more processes and rearrange resources. In this scenario, manufacturing 
firms need to develop the reconfigurability capability (Shaik, Rao and Rao, 2014). 
Reconfigurability is the ability to repeatedly change and/or rearrange the components of 
a system in a cost-effective way, to meet new environmental and technological changes 
(Setchi and Lagos, 2004; Abdi, 2009). Recently, reconfigurability is also perceived as a 
relevant paradigm in order to meet current impelling needs in terms of economic, 
environmental and social sustainability. For example, according to Dubey et al. (2017), 
manufacturing systems with higher reconfigurability provide better environmental 
performance (Garbie, 2014; Dubey, Gunasekaran and Chakrabarty, 2015; Dubey et al., 
2017). 
Reconfigurability is a capability that has been widely studied in the literature 
referred to Reconfigurable Manufacturing Systems (RMSs). RMSs are ‘systems designed 
at the outset for rapid change, in order to quickly adjust production capacity and 
functionality within a part family’ (Koren, 2006). Over time, these systems allow 
evolving/customized flexibility (Wiendahl et al., 2007). In fact, since they are adaptable 
to evolving requirements, they provide the required functionality and the capacity exactly 
when needed (ElMaraghy, 2006). RMSs have been described as machining systems 
provided with modular structure, both hardware and software. Their reconfiguration 
allows to add, remove, or modify specific process capabilities, controls, software, or 
machine structure to adjust production capacity in response to changing market demand 
or technologies (Mehrabi, Ulsoy and Koren, 2000b; Niroomand, Kuzgunkaya and 
Bulgak, 2014). Despite the generalizability of RMSs’ definition, many authors, when 
referring to RMSs, limited their focus on specific systems. Indeed, RMSs’ components 
are Computerized Numerically Controlled (CNC) machines, Reconfigurable Machines 
(RMs), Reconfigurable Machine Tools (RMTs), inspection machines, material-handling 
devices and systems (ElMaraghy, 2006; Bi et al., 2008b; Essafi, Delorme and Dolgui, 
2012; Haddou Benderbal, Dahane and Benyoucef, 2017; Prasad and Jayswal, 2017; 
Borisovsky, Delorme and Dolgui, 2014; Vafadar, Hayward and Tolouei-Rad, 2017). 
Today reconfigurability is needed in a broader field of applications; even 
industries that traditionally compete in stable contexts are requiring reconfigurability. For 
example, the process industry, normally focused on process productivity, is facing the 
need to be market driven (Crama, Pochet and Wera, 2001; Shah, 2005). This need is 
leading to changes to the processes themselves. From another perspective, regarding 
manufacturing systems, Rehman and Subash Babu (2013) conducted an interesting search 
aimed at associating reconfigurability also to not technology-based practices. 
For the aforementioned reason, the present paper is an investigation on the 
concept of reconfigurability as a capability and not on issues related specifically to RMSs. 
Indeed, this capability is influent for decisions related to both the design as well as the 
operations of manufacturing systems (Koren, 2010). Thus, studying reconfigurability in 
a general way allows revealing common decision making structures to use 
reconfigurability as enabler of responsiveness of manufacturing firms. 
Therefore, the available literature has been explored to address the following two 
sets of research questions. Specifically, answering to the first set of research questions 
(RQs1) can be seen as the intermediate objective to prepare the ground for the second set 
of research questions (RQs2). 
• RQs1. According to literature, what are the characteristics of reconfigurability 
(RQ1.1)? Why are they relevant (RQ1.2)? 
• RQs2. When do the characteristics act (RQ2.1)? How are they exploited 
(RQ2.2)? Where can they be located (RQ2.3)? 
To this end, the paper is structured in a way that progressively classifies literature 
according to different concepts. Section 2 uses literature to justify the focus on six core 
reconfigurability characteristics and to highlight their relevance in terms of positive 
impacts on reconfiguration effort. Thus, section 2 answers to RQs1. Section 3 exploits 
literature to: (i) discern that the six characteristics may act in different periods of system 
lifecycle, (ii) describe a way to exploit characteristics to allow system reconfigurability 
and (iii) relate characteristics to production levels. Thus, section 3 answers to RQs2, by 
building a general framework to manage reconfigurability in manufacturing. Section 4 
concludes, synthesizing the main results of this paper and introducing to future 
developments. 
2. The core characteristics of reconfigurability and their relevance 
In this section, based on a wide literature review, answers were progressively given to the 
set of RQs1. Each of the following subsections refers to the specific RQ of interest. 
2.1. According to literature, what are the characteristics of reconfigurability? 
Literature was reviewed and classified in order to identify the core characteristics of 
reconfigurability. Thus, a table (Table 1) was built, reporting characteristics that authors 
referred to. 
(table 1 here) 
Within Table 1, for each reference reported in ascending order of date, the referred 
characteristics are identified. The totality of characteristics reported are: modularity, 
integrability, diagnosability, scalability, convertibility, customization (sometimes 
identified as customized flexibility), mobility, universality, compatibility, automatibility, 
“self-abilities” (such as, self-optimization, self-healing and self-adaption) and flexibility. 
The great majority of authors referred to: modularity, integrability, diagnosability, 
scalability, convertibility and customization.  Therefore, in this paper they are considered 
the 6 core characteristics of reconfigurability. These characteristics are prevalently found 
in the state of the art of RMSs. 
In some works, authors provided descriptions of these six characteristics referring 
to resources within the shop floor, thus exploiting specific terminology (e.g. reference is 
made to machine tools, tooling, controls, interfaces, etc.). See, for example, Koren (2014) 
or Makinde, Mpofu and Popoola (2014). Others synthesised the core characteristics more 
generically. These latter descriptions are reported below. 
• Modularity means that all system components, both software and hardware, 
are designed to be modular (Mehrabi, Ulsoy and Koren, 2000b). 
• Integrability means that systems and components are designed for both ready 
integration and future introduction of new technology (Mehrabi, Ulsoy and 
Koren, 2000b). 
• Diagnosability allows (i) quick identification of the sources of quality and 
reliability problems (Mehrabi, Ulsoy and Koren, 2000b) and (ii) quick 
correction of operational problems (Koren and Shpitalni, 2010). 
• Scalability allows incremental changes of capacity, rapidly and economically 
(ElMaraghy, 2006). 
• Convertibility ‘allows quick changeover between existing products and quick 
system adaptability for future products’ (Mehrabi, Ulsoy and Koren, 2000b). 
• Customization allows adaptation of system configuration for producing the 
required product families (Rösiö, 2012; Koren, 2005; Mehrabi, Ulsoy and 
Koren, 2000b). 
2.2. Why are reconfigurability characteristics relevant? 
In literature, several papers emphasized that the core characteristics reduce the effort 
required to reconfigure the manufacturing system (e.g. Koren and Shpitalni, 2010) and 
this justifies the interest in the six characteristics as components of the reconfigurability 
capability. 
The reconfiguration effort is composed of reconfiguration time, reconfiguration 
cost and ramp-up time. A definition of these aspects is provided below, starting from the 
words of Zhang et al. (2006). 
• The reconfiguration time is the period of time taken by system reconfiguration 
(for instance, the time required to redesign the system or to re-arrange an 
equipment). Hence, reconfiguration time can be seen as an opportunity cost 
since it affects the service level due to the losses related to the reconfiguration 
period. 
• The reconfiguration cost is the cost to reconfigure (or adjust) the system to 
satisfy the requirements of the evolving product families. It is represented by 
the out-of-pocket costs (for example, the expenses incurred to redesign the 
system or to buy and install new machines). 
• The ramp-up time is the period of time taken by a manufacturing system after 
reconfiguration to reach a normal production state, at required quality and 
production rate (see also Koren (2013) for a similar definition). 
Synthesizing, Table 2 gathers the references on the impacts of the characteristics 
in terms of reconfiguration effort, i.e. reduction of reconfiguration time, reconfiguration 
cost and ramp-up time.  
(Table 2 here) 
According to Table 2, compared to others characteristics, modularity, 
integrability, convertibility and scalability reduce both reconfiguration time and cost.  
Puik et al. (2016) proved that modularity can reduce reconfiguration time and 
cost: thanks to the presence of known and tested modular parts (of a manufacturing 
system), the required reconfiguration time and resources are reduced. Indeed, they 
presupposed the integrability of these modules, in order to really benefit of modularity. 
Heisel and Meitzner (2006) pointed out that standardized elements (i.e. modularity and 
integrability) reduce reconfiguration cost. Aboufazeli (2011) related machine tools 
integrability to reconfiguration time: to him, integrability influences the speed of the 
replacement of the modules in a manufacturing system; he pointed out that the lack of 
integrability between physical modules negatively impacts on reconfiguration time. 
Ayman, Youssef and ElMaraghy (2006) studied the cost and time required to 
reconfigure the system and their observations suggest that these aspects depend on 
scalability and convertibility. Niroomand, Kuzgunkaya and Bulgak (2014) evidenced the 
impact of scalability on the reduction of reconfiguration time by discussing about the 
impact of the selection of a configuration of a manufacturing system (in order to ensure 
a certain production capacity) on the reconfiguration time.  
In literature, diagnosability is the only characteristic often associated with the 
reconfiguration ramp-up time (for example, see (Koren, 2013)). For Koren and Shpitalni 
(2010), as diagnosability allows in-process diagnostics, it determines the advantage of 
dramatically shortening the ramp-up periods after reconfigurations. This is confirmed by 
many other authors (see Table 2), who emphasized the impact of diagnosability on ramp-
up time. 
According to some authors, customization allows reducing reconfiguration cost 
(Koren, 2013; Chaube, Benyoucef and Tiwari, 2012). Despite its scarce presence in Table 
2, customization is a very important characteristic. Indeed, Shabaka and ElMaraghy 
(2007) implicitly overlapped the concepts of reconfigurability and customization. 
Besides, Goyal, Jain and Jain (2013) wrote that reconfigurable systems are built around 
product families and their configuration evolves in response to changes in the product 
functionality and capacity. Remarkably and extremely, Rösiö (2012) did not see 
customization as a reconfigurability characteristic but rather “as a basis for 
reconfigurability that distinguishes reconfigurability as customized flexibility from 
general flexibility”. Koren (2005) assumed that customization makes a system 
“reconfigurable” instead of “flexible”. Also to Setchi and Lagos (2004) customization is 
the characteristic that really introduces reconfigurability. Indeed, reconfigurability, 
allowing a disruptive change, is related to a mid-long term goal, in situations of changed 
product families. Conversely, flexibility is more related to the short-term goals, in 
situations of unchanged product families. Summarizing, many authors described 
customization as the characteristic synthesizing reconfigurability (Koren and Ulsoy, 
2002; Abdi and Labib, 2003; Abdi and Labib, 2004b; Koren, 2005; ElMaraghy, 2006;  
Galan et al., 2007; Shabaka and Elmaraghy, 2007; Rösiö, 2012; ElMaraghy, 2009; Goyal 
et al., 2013; Zhang et al., 2012; Dou, Dai and Meng, 2010). 
2.3. Concluding remarks 
This section answered to RQs1. Six characteristics – modularity, integrability, 
diagnosability, convertibility, scalability and customization – are relevant. Indeed, a 
multitude of authors referred to them (Table 1). Moreover, allowing a reduction of 
reconfiguration effort (Table 2), they bring benefits to manufacturing firms, thus they are 
significant components of the reconfigurability capability. Customization is additionally 
relevant because it synthesizes reconfigurability. Thus, as further addressed in the next 
section, it may play a different role from other characteristics.  
3. Building a framework to manage reconfigurability in manufacturing 
In this section, to build the framework, answers were progressively given to the set of 
RQs2. Each of the following subsections refers to the specific RQ of interest.  
3.1. When do the six core characteristics act? 
The six core characteristics can be classified according to their positioning within system 
lifecycle, in which decisions concerning reconfigurability are made. To the intent of this 
paper, system lifecycle is simplified in the succession of two stages: the configuration 
and the reconfiguration periods. 
 (Table 3 here) 
Table 3 exploits references to catalogue modularity, integrability, diagnosability, 
convertibility and scalability in either configuration or reconfiguration characteristics. In 
some papers (the first five within Table 3), modularity, integrability and diagnosability 
are indicated as supporting characteristics, while scalability and convertibility are 
essential ones (Koren, 2005; Wiendahl et al., 2007; Koren and Shpitalni, 2010; Rösiö, 
2012; Hasan, Jain and Kumar, 2014). For some authors (Koren and Shpitalni, 2010; 
Rösiö, 2012) modularity, integrability and diagnosability do not guarantee modifications 
in production capacity and functionality, but they have an impact on essential 
characteristics. Thus, these three characteristics can be associated to the configuration 
period, i.e. the period for decisions on structural characteristics of systems. Moreover, 
according to Rösiö (2012), essential characteristics (i.e. scalability and convertibility) 
lead to capacity or functionality changes of the production system and thus 
reconfigurability. Therefore, they can be associated to the reconfiguration period, i.e. the 
period for decisions on system changes. 
The first five references of Table 3 constitute the basis for the classification 
provided within this section. Besides, to further investigate on the configuration and 
reconfiguration characteristics, other papers focused on the operations of reconfigurable 
systems were analysed. In fact, even if almost all researchers mentioning the core 
characteristics presented them as design characteristics, the operations of manufacturing 
systems comprise issues which are relevant for reconfigurability, such as part families 
formation, reconfigurability planning, quality management, risk management and 
exception handling. These issues can be associated to some of the characteristics. For 
example, to Galan et al. (2007) the working of a reconfigurable system starts with an 
initial classification in product families, then the system is reconfigured in order to 
provide the functionality (i.e. convertibility)  and capacity (i.e. scalability) that allow 
producing evolving product families. For Heisel and Meitzner (2006) ‘the 
reconfigurability of a system derives from the system's configurability’. To them, the 
configuration consists in the design, the selection and the composition of modules from 
a modular construction set (i.e. physical modularity and integrability of modules), 
according to the specifications and requirements of the user. Reconfigurations are later 
conversions and modifications of functionality and capacity by replacing, supplementing 
and removing discrete, autonomously operating components.  
For modularity, integrability, scalability and convertibility other papers referring 
to the operations of manufacturing systems confirmed what already stated by the first five 
references of the table.  However, as noticeable in Table 3, for diagnosability the results 
were slightly different.  Bruccoleri, Pasek and Koren (2006) described exception handling 
as the policy meant for countering unwanted effects of exceptions (such as machine 
breakdowns and reworks due to quality problems) and for recovering from errors caused 
by exception occurrences. Thus, it is inferable that diagnosability should act as a real-
time decision support, allowing operational decisions regarding reconfiguration for 
exception handling. Valente (2016) identified operational advantages of having the 
design characteristics of modularity and interchangeability (i.e. integrability). More 
precisely, she mentioned two advantages: (i) versatility, the operational capability of 
robots to disassemble and reassemble to form new morphologies that are better suited for 
new tasks (i.e. convertibility) and (ii) robustness, the operational capability of robots to 
replace faulty parts autonomously, thus leading to self-repair behaviours (i.e. 
diagnosability). To strengthen the twofold nature of diagnosability, the concept of 
redundancy can be representative (see the last two references of Table 3). To Freiheit et 
al. (2004), the configuration of a manufacturing system could imply the presence of 
structural redundancies (e.g. standby machines) allowing isolating failures in the 
manufacturing system, thus permitting production to continue. To Gu et al. (2015), 
systems should be provided with built-in redundancy. Such capability would allow 
reconfigurable systems being adjustable to intrinsic system events (e.g. machine faults or 
failures) (Gu et al., 2015). Muller, Grunewald and Spengler (2017) also referred to 
redundant configurations, in which stations automatically take over the operations of 
failed stations in the event of failure. Overall, redundancy (associable to diagnosability) 
plays an important role not only for the configuration of a manufacturing system, but also 
for its reconfiguration. 
Table 3 synthesizes the results of the classification: (i) modularity and 
integrability can be associated to the configuration period (as they are configuration 
characteristics); (ii) scalability and convertibility can be associated to the reconfiguration 
one (as reconfiguration characteristics); and (iii) diagnosability can be associated to both 
periods. Accordingly, in terms of decision making: (i) modularity and integrability, being 
related to decisions on system design, are clearly bounded to the configuration period of 
system lifecycle; (ii) scalability and convertibility, being related to operational decisions, 
pertain to the reconfiguration period of lifecycle; and (iii) diagnosability is related to both 
design and operations decisions. 
The sixth and last characteristics – i.e. customization – is relevant as it synthesizes 
reconfigurability (as already discussed in section 2). Indeed, literature insights allow 
hypothesizing that it could be both “trigger of” and “triggered by” reconfigurability. In 
particular, customization can be interpreted as a change driven characteristic, i.e. “trigger 
of” reconfigurability. It allows the system continuously changing according to new 
requirements; it allows quickly reacting to changes induced to manufacture new product 
families. Customization can be also interpreted as a change driver characteristic, i.e. 
“triggered by” reconfigurability. Its presence ensures that the system can evolve to meet 
any physical or managerial change. Therefore, allowing firms to proactively face changes, 
customization should be exploited as a change driver characteristic, in order to gain 
competitive advantage through changes. Conversely, firms should avoid to exploit it as a 
change driven characteristic, thus only reacting to changes due to the context. In terms of 
decision making, compared to other characteristics, customization has a strategic role. It 
leads to either a proactive or reactive approach to exploit reconfigurability. 
Figure 1 synthesizes the main aspects analysed in this section. To be 
reconfigurable, a system should be provided with a certain starting level of modularity, 
integrability and diagnosability, i.e. the configuration characteristics, decided during the 
configuration period (in terms of lifecycle stage). This starting level affects the ability to 
modify the configuration, which depends on diagnosability, scalability and convertibility, 
i.e. the reconfiguration characteristics, exploited during the reconfiguration period (in 
terms of lifecycle stage). In turn, customization affects/is affected by the required product 
families because the configuration has to change according to the changed demand. 
 
Figure 1 Configuration, reconfiguration and change-driver/driven characteristics in system 
lifecycle 
3.2. How are the six core characteristics exploited?  
The six characteristics are related with each other; this fact already arose within section 
3.1. Identifying the relationships could ensure the completeness of the framework. Thus, 
the following table (Table 4) synthesizes the insights, collected from literature, on the 
relationships between the six characteristics. The rows are the influencing characteristics, 
the columns are the influenced ones. The matrix is not symmetric, the only bidirectional 
relationship is the one between modularity and integrability, this is due to the fact that the 
relationship between these two characteristics is so close that is not easy to distinguish 
which of the two influences the other.  
(Table 4 here) 
The close relationship between integrability and modularity is outstanding. 
According to Mesa et al. (2014), modularity is the most important characteristic due to 
the possibility of having optimized interfaces and the possibility to change modules. 
These possibilities are associable to integrability. In general, Shaik, Rao and Rao (2014) 
referred to interchangeability (then integrability) between process modules. Moreover, 
they identified the need to standardize the production of modular manufacturing 
machinery (i.e. modularity requires integrability). For Puik et al. (2016) modular parts 
are building blocks for manufacturing systems that can be reused; the possibility to reuse 
such building blocks should imply their integrability. Often authors evidenced this 
relationship from a technical point of view; they frequently referred to the need to 
standardize, i.e. to make integrable, the modular (hardware) components (see for instance 
Bi et al. (2008)).  
Fredriksson (2006) brought the concepts of coordination and modularity to 
highlight that the need to satisfy the evolving demand leads to the need to coordinate 
modules in order to reach a new configuration. The novelty of his paper lies in the fact 
that he refers to ‘organizational modules’, therefore, unlike the previous citations, he 
introduces aspects related to modularity which are not technical. In his reasoning, 
organizational modules need to be independently managed and are responsible of product 
modules, bringing the need for coordination. Thus, Fredriksson’s reasoning highlights the 
relationship between modularity, intended as organizational modules, integrability and 
customization. The necessity of coordination is highlighted also by Zhang et al. (2015), 
who, more specifically, refer to reconfigurable systems. Indeed, Zhang et al. (2015) 
confirms that something more than technical aspects is needed, stressing the necessity to 
communicate and to manage activities.  
Regarding modularity, integrability, scalability and convertibility, Heisel and 
Meitzner (2006) emphasized the dependence of scalability and convertibility on 
modularity and integrability and the overall relationship of these characteristics with 
customization. Koren, in his papers, exploited the concept of modularity supporting 
scalability and convertibility of a system (see, as an example, Koren and Shpitalni, 2010). 
Some authors clearly evidenced a relationship between modularity and convertibility, in 
particular modularity simplifies convertibility (Gumasta et al., 2011; Hasan, Jain and 
Kumar, 2014). Other authors pointed out that modularity influences scalability (Deif and 
ElMaraghy, 2007a; Wang and Koren, 2012). Puik et al. (2016) clearly showed how part 
modules are the ‘basis’ for scalability and convertibility: they explained that 
reconfigurability implies the presence of modules that could be either repeated, or adapted 
(than converted), or expanded (then scaled) in order to reconfigure the system. 
Regarding scalability, convertibility and customization, Shabaka and ElMaraghy 
(2007) emphasized the impact of scalability and convertibility on customization. They 
wrote that customization is realized by adjusting resources, for example (i) by 
adding/removing machines, changing system layout, then scaling the resources (at system 
level) or (ii) by adding/removing an axis of motion and/or a spindle or integrating new 
process monitoring technology, then converting the resources (at machine tool level).  
The influence of integrability and modularity on diagnosability seems deducible. 
Some authors focused on the role of emerging technologies (e.g. Cyber Physical Systems 
–CPSs- and Semantic technologies) to allow reconfigurability. In particular, Garetti, 
Fumagalli and Negri (2015) discussed that the presence of CPSs enable software and 
hardware modularity. Moreover, CPSs should exploit semantic technology to be 
integrable, as already suggested by Lastra and Delamer (2006). The combined presence 
of integrability and modularity gives enormous benefits in terms of reduction of system 
reconfiguration time and ramp-up time (Negri et al., 2016; Valente, 2016; Bruccoleri, 
Amico and Perrone, 2003). Thus, these authors seem to corroborate the hypothesis on the 
relationship between modularity, integrability and – through the ramp-up time (see what 
already discussed in section 2) – diagnosability. Moreover, owing to the reduction of 
reconfiguration ramp-up time, it is possible to infer that diagnosability has an impact on 
the possibility to use scalability and convertibility as reconfiguration characteristics. 
More explicitly, Koren (2013) wrote that scalability and diagnosability complement to 
each other because scaling-up of an existing system to cope with changing demand 
requires a subsequent ramp-up period that can be reduced dramatically by implementing 
the diagnosability characteristic. 
 Figure 2 Relationships between reconfigurability characteristics in system lifecycle 
 
Figure 2 gathers the observations of sections 3.1 and 3.2. Indeed, it adds to the 
classification of characteristics along the dimension of system lifecycle stages (Figure 1), 
the visual representation of the relationships between characteristics. In terms of decision 
making, relationships make evident the impacts of decisions on some characteristics on 
possible decisions on other characteristics: modularity and integrability impact on 
scalability and convertibility, which, in turn, impact on customization (thus, modularity 
and integrability indirectly impact on customization); diagnosability is influenced by 
integrability and modularity and, in turn, it influences scalability and convertibility.  
3.3. Where can the six core characteristics be located? 
Potentially, the six core characteristics could be referred to production levels. In this 
regard, Andersen, Brunoe and Nielsen (2015) wrote that reconfigurable manufacturing 
involves the ability to reconfigure at different production levels. Thus, to complete the 
framework of reconfigurability, production levels should be considered. Andersen, 
Brunoe and Nielsen (2015), defined six levels: network, factory, segment, system, cell 
and workstation. To them, network is ‘the highest structuring level, which comprises the 
network of sites that the manufacturing company is embedded in’; factory is ‘the level of 
the plant, covering the building and its infrastructure’; segment is ‘the level above the 
system, which contains all activities involved in manufacturing and making ship-ready 
products’; system is ‘the level containing interlinked cells used for manufacturing 
variants of a part or a product family’; cell is ‘the level covering a subsystem of the 
system, containing groups of work stations and material handling that perform most 
activities to finish a part’; workstation is ‘the lowest structuring level, containing single 
workstations and machines that add a feature to a work piece’. 
A similar classification was earlier proposed by Wiendahl et al. (2007). 
For some authors reconfigurability at lower levels is principally obtained through 
physical/hard activities, while at upper levels it is mainly obtained through soft activities 
(Bi et al., 2008a; Ayman, Youssef and ElMaraghy, 2006; Andersen, Brunoe and Nielsen, 
2015). Overall, authors provided insights on the relationship between reconfigurability 
and production levels; however, a consolidated and systematic interpretation of the six 
core characteristics of reconfigurability in accordance with these production levels seems 
missing. 
For the purpose of this paper, it was decided to associate reconfigurability to only 
four production levels – two of them resulting from the merging of different levels 
identified by literature –, instead of six. Indeed, in practical cases, it is often not easy to 
identify clearly this high number of levels because their boundaries are sometimes faded. 
The descriptions of the four levels are proposed below, basing on the contributions 
provided by literature. 
• Workstation/Machine level. It is the lowest structuring one, containing 
single operators and machines that generally perform a technological 
operation. 
• System level. The proposed-by-literature system and cell levels have been 
merged into this one. The system level herein considered contains interlinked 
subsystems made of groups of workstations and material handling used for 
manufacturing variants of a part or a product family. System configurations 
can be either cells, lines or production departments. Generally, it is possible 
to distinguish between production and assembly systems, depending on the 
kind of activities performed. 
• Factory/Plant level. The proposed-by-literature factory and segment levels 
have been merged into this one. The factory level herein considered is a 
production site made of production and/or assembly systems, which can be 
described as a node of a production network or a supply chain. 
• Network level. It is the highest structuring level, it can be seen as the set of 
production sites linked by material and information flows along the supply 
chain. 
In the remainder of the paper, network level will not be considered because of the 
choice of authors to keep the focus within the factory boundaries. Nonetheless, the 
reflections are general as they relate the six core characteristics with the production levels.  
Table 5 was derived from Table 1 by specifying the production level – either 
workstation, system and/or factory one – to which the references of Table 1 (recognizable 
by the identification numbers) referred.  
(Table 5 here) 
The majority of authors, when referring to characteristics of reconfigurability, 
limited their focus on specific systems, indeed they focused at system level. Contrariwise, 
fewer authors attributed characteristics to the factory level. Moreover, among papers at 
factory level, almost half of them did not focus on RMSs. Six of them were concerned 
with changeable manufacturing. Changeability, as observed by Wiendahl et al. (2007), 
generically represents “characteristics to accomplish early and foresighted adjustments of 
the factory’s structures and processes on all levels to change impulses economically”. 
Thus, changeability can be interpreted as the conceptual extension of reconfigurability 
beyond the system level. 
As detailed in section 3.2, reconfigurability characteristics are related with each 
other.  These relationships can exist not only within production levels, but also across 
them. Thus, the following analysis – summarised in Table 6 – is on relationships between 
characteristics across production levels. Indeed: 
• a first set of authors (Bruccoleri, Amico and Perrone, 2003; Kannan and Saha, 
2009; Bruccoleri, Pasek and Koren, 2006; Landers, Min and Koren, 2001; 
Spicer, Yip-Hoi and Koren, 2005; Bi et al., 2008a; Kruger and Basson, 2016) 
allowed evidencing relationships between characteristics at workstation and 
system levels; 
• a second set of authors (Azab and ElMaraghy, 2007; Hees and Reinhart, 2015; 
Abdi and Labib, 2003; Deif and ElMaraghy, 2007a; Chaube, Benyoucef and 
Tiwari, 2012; Niroomand, Kuzgunkaya and Bulgak, 2014; Koren, Wang and 
Gu, 2016) allowed evidencing relationships between characteristics at system 
and factory levels;  
• Nejad, Niroomand and Kuzgunkaya (2014)  and Niroomand, Kuzgunkaya and 
Bulgak (2012) allowed evidencing relationships between all three levels, i.e. 
workstation, system and factory. 
(Table 6 here) 
The contributions are too exiguous, impeding a generalisation. Nevertheless, a 
relevant property is remarked by some authors: reconfigurability at lower production 
levels positively influences reconfigurability at upper production levels (Goyal, Jain, and 
Jain 2012; Bruccoleri, Nigro and Perrone, 2005; Andersen, Brunoe and Nielsen, 2015). 
For example, Bruccoleri, Amico, and Perrone (2003) supported the idea that 
characteristics as integrability, modularity and diagnosability at workstation level (lower 
level) impact on other characteristics as diagnosability and scalability at system level 
(upper level). 
Thus, starting from the relationships between reconfigurability characteristics in 
system lifecycle, summarised in Figure 2, further assumptions can be made by 
superimposing the new dimension, the production levels. Thus, customization should be 
associated to the highest production levels. Convertibility and scalability, to ensure 
customization, should be associated, at least, to the highest levels. Modularity, 
integrability and diagnosability, to ensure scalability and convertibility, should be 
associated, at least, to the intermediate level.  
Overall, it seems reasonable to consider two different options (see Figure 3): 
• Option 1: the lowest level to find modularity, integrability and diagnosability 
is that of workstations. In this case, their presence at workstation level could 
ensure diagnosability, scalability and convertibility at system level and, 
therefore, customization at both system and factory/plant level; 
• Option 2: the lowest level to find modularity, integrability and diagnosability 
is that of systems (Shaik, Rao and Rao, 2014); for instance, in some cases, 
when dealing with transfer lines and automated assembly lines, the 
workstations, even if modular from a physical point of view, could not be 
exploitable for reconfigurability purposes. In this case, the presence of 
modularity, integrability and diagnosability at system level could ensure 
diagnosability, scalability and convertibility at factory/plant level and, 
therefore, customization at factory/plant level. 
Obviously, in case of presence of modularity, integrability and diagnosability 
even at the level of workstations’ components, reconfigurability characteristics at higher 
levels can only be reinforced.  In a more general perspective, the existence of modularity, 
integrability and diagnosability at a given production level, certainly facilitate the 
formation of modularity, integrability and diagnosability at higher levels. 
Within the proposed framework, it can be stated that: (i) having modularity, 
integrability and diagnosability at a certain level, could allow diagnosability, scalability 
and convertibility at the next higher level; (ii) having scalability and convertibility at a 
certain level, could allow customization at both the same and the next higher levels. In 
addition, comparing options 1 and 2, option 2 is more restrictive: it refers to a case with 
“less reconfigurability” as all characteristics are shifted to a higher level of aggregation 
compared to option 1. In terms of decision making, relating characteristics across 
production levels makes evident the impacts of decisions made on some characteristics 
at lower levels on the possible decisions on other characteristics at same or next higher 
levels. 
The figure below (Figure 3) synthesizes the completed version of the framework:  
• the presence of modularity and integrability (configuration characteristics) 
should impact on scalability and convertibility; to ensure the customization of 
the plant, they should be associated, at least, to the system level (option 2); 
• diagnosability (configuration characteristic) should be favoured by 
modularity and integrability; moreover, it should make effective scalability 
and convertibility (acting on the ramp-up time); to make effective the 
customization of the plant, it should be associated, at least, to the system level 
(option 2); 
• scalability and convertibility (reconfiguration characteristics), should impact 
on customization; to ensure the customization of the plant, they should be 
associated, at least, to the factory level (option 2). 
 
Figure 3 A general framework to manage reconfigurability in manufacturing 
3.4. Concluding remarks 
This section answered to RQs2. Figure 3 synthetizes the proposed framework to manage 
reconfigurability in manufacturing. The six core characteristics of reconfigurability are 
analyzed within two dimensions: along system lifecycle and across production levels. The 
framework allows revealing common decision making structures to use reconfigurability 
as enabler of responsiveness of manufacturing firms. Indeed, strategic decision making 
should exploit customization as a change driver characteristic. Thus, during the 
configuration stage of system lifecycle, design choices – in terms of modularity, 
integrability and diagnosability – at lower production levels would simplify operational 
decisions – in terms of scalability, convertibility and diagnosability – at upper levels. 
The framework is then proposed as a simple and general reference model to drive 
further developments for the management of reconfigurability in manufacturing. It means 
a number of implications, remarked in the concluding section, also referring to future 
researches. 
4. Conclusions 
This paper proposes a general framework to manage reconfigurability as a capability.  
After an introduction where reconfigurability is presented as a necessary 
capability for manufacturing firms to compete in the current competitive scenario, the 
paper is structured as a journey that, exploiting the available literature, allows 
progressively building the framework. More in detail, literature insights have been 
gathered, combined and reorganized following a specific sequence of steps, leading to a 
progressive construction of the framework. At first, literature has been exploited to take 
note of the six core characteristics of reconfigurability. Secondly, it has been remarked 
the reason for the relevance of the characteristics, in terms of reconfiguration time, 
reconfiguration cost and ramp-up time. Thirdly, further literature review has allowed 
classifying the characteristics, according to their role within different periods of system 
lifecycle. Fourthly, by studying their relationships, it has been explained, how the six 
characteristics can be exploited. Then, literature has been used to place the characteristics 
and their relationships at different production levels, completing the framework with a 
space dimension, besides the time dimension given by system lifecycle. 
The framework is a holistic attempt to exploit different and scattered insights of 
literature. It relates the six characteristics with each other while, quite often, literature 
doesn’t explicitly address these relationships and, above all, not in a comprehensive way. 
It provides a specific consolidation of the relationships between characteristics 
associating them to production levels; indeed this aspect is just partially, and more or less 
implicitly, discussed in literature. 
Overall, this research made a theoretical step, which has led to the proposal of a 
general framework. Future exploitation of reconfigurability as a concept together with 
insights coming from the practical reality could allow enriching the framework with 
detailed variables, in order to build a “tool” that allows manufacturing firms exploiting 
the reconfigurability capability. To this end, further research should aim at identifying 
external conditions which may influence the framework. Indeed, as stressed by Sousa and 
Voss (2008), operations practices are not universally valid, but efforts should be made to 
identify the contextual conditions under which practices are effective. Thus, the 
enrichment of the framework should start with the identification of external elements and 
their relationships with the core characteristics. Moreover, from an internal perspective, 
future development of this research could also include further investigation on the kind 
of relationships between characteristics, in order to understand if some of them are more 
important than others and to investigate more on the different typologies of possible 
relationships. This may require empirical evidences gathered through field researches in 
different industrial settings (e.g. either large or small and medium sized companies, as 
well as different industry sectors). 
In terms of implications for managerial issues, a number of possible evolutions 
can be considered, all achievable bridging the theory given by the framework with the 
practical needs. Building on the two dimensions indicated in the framework (i.e. system 
lifecycle and production levels) for the exploitation of reconfigurability characteristics 
(i.e. the six core characteristics), three research streams can be, at least, envisioned: (i) 
the development of methodologies for an holistic approach to manage reconfigurability 
in manufacturing; (ii) the structured organization of reconfigurability-related knowledge, 
i.e. theoretical and practical knowledge; (iii) the investigation on the role of the 
technologies due to the currently on-going Fourth Industrial Revolution, with a particular 
emphasis on their effects on reconfigurability as a capability. Bounded to the scope of the 
first research stream, currently the authors intend to make a study to develop a holistic 
performance measurement system of reconfigurability as a capability. 
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1 Koren et al. (1999) X X X X   X             
2 
Mehrabi, Ulsoy and Koren 
(2000a) X X X X   X             
3 
Mehrabi, Ulsoy and Koren 
(2000b) X X X X   X             
4 
Landers, Min and Koren 
(2001) X     X   X             
5 
Son, Olsen, and Yip-Hoi 
(2001)         X               
6 Kuo (2001) X X X X   X             
7 Koren and Ulsoy (2002) X X X X   X             
8 Moon and Kota (2002)  X     X               X 
9 Zhang et al. (2002)         X               
10 Abdi and Labib (2003) X X X X   X             
11 Yu et al. (2003)       X X               
12 Abdi and Labib (2004a) X     X X               
13 Liu et al. (2004)     X                   
14 Pérez et al.  (2004)  X X X X   X             
15 Setchi and Lagos (2004) X X X X   X             
16 Tang and Qiu (2004) X         X             
17 Koren (2005) X X X X X X             
18 Molina et al. (2005) X X X X   X             
19 
Spicer, Yip-Hoi and Koren 
(2005) X X X X X X             
20 Elmaraghy (2006) X X X X X X X X X       
21 Farid and McFarlane (2006) X X X X   X             
22 Koren (2006) X X X X X X             
23 Zhang (2006) X X       X           X 
24 
Ayman, Youssef and 
ElMaraghy (2007)       X X               
25 Azab and Elmaraghy (2007) X X X X X X             
26 
Cao, Elmaraghy and Azab 
(2007)       X  X                
27 Deif and Elmaraghy (2007a) X X X X X X             
28 Deif and Elmaraghy (2007b) X X X X   X             
29 Dhupia et al. (2007)  X X X X X X             
30 Elmaraghy (2007)       X X               
31 Galan et al. (2007) X                       
32 Katz (2007) X X X X X X             
33 
Singh, Khilwani and Tiwari 
(2007) X X X X X X             
34 Spicer and Carlo (2007)         X               
35 Wiendahl et al. (2007) X     X X X X X X X     
36 
Yu,  Zhang and Klemm 
(2007)                     X   
37 Bi et al. (2008a) X X X X X X             
38 Bi et al. (2008b) X X X X X X             
39 
Abbasi and Houshmand 
(2009) X X X X   X             
40 Abdi (2009) X X X X   X             
41 ElMaraghy (2009)           X             
42 Kannan and Saha (2009) X X   X X X             
43 Koren and Shpitalni (2010) X X X X X X             
44 Meng (2010) X X X X   X             
45 Renna (2010) X X X X X X             
46 Zhang et al. (2010) X X X X   X             
47 
Abbasi and Houshmand 
(2011) X X X X   X             
48 Bi (2011) X X X X X               
49 Gumasta et al. (2011) X X X X X X             
50 Ribeiro and Barata (2011) X X X X X X             
51 Rösiö (2011) X X X X X X X     X     
52 
Chaube, Benyoucef and 
Tiwari (2012) X X X X                 
53 Goyal, Jain and Jain (2012)  X   X X X               
54 
Leitão, Barbosa and 
Trentesauxc (2012)                     X   
55 
Niroomand, Kuzgunkaya and 
Bulgak (2012) X       X               
56 Rösiö  (2012) X X X X X   X     X     
57 Saxena and Jain (2012) X X X X X X             
58 Wang and Koren (2012)         X               
59 
Aguilar, Roman-Flores and 
Huegel (2013) X X X X X X             
60 
Bensmaine, Dahane, and 
Benyoucef (2013)           X             
61 
Essafi,  Delorme and Dolgui 
(2013) X X X X  X       
62 Koren (2013) X X X X X X             
63 Rösiö and Säfsten (2013) X X X X X X X     X     
64 
Silva Belisario and Pierreval 
(2013) X               X   X   
65 Yan and Vyatkin (2013) X         X           X 
66 Farid (2014) X X X X   X             
67 Koren (2014) X X X X X X             
68 
Makinde, Mpofu and 
Popoola (2014) X X X X X X             
69 Mesa et al. (2014) X X X X X X X X X     X 
70 
Nejad, Niroomand and 
Kuzgunkaya (2014) X       X               
71 
Niroomand, Kuzgunkaya and 
Bulgak (2014) X       X               
72 
Dubei, Gunasekaran and 
Chakrabarty (2015) X X X X X X       
73 Hees and Reinhart (2015) X X X X X X             
74 Unglert et al. (2015) X X   X   X             
75 
Wu, Wang and Schaefer 
(2015) X X X X   X             
76 Carpanzano et al.  (2016)  X X                      
77 Koren, Wang and Gu (2016) X X X X X X             
78 Kruger and Basson (2016) X X X X X X             
79 Scholz et al. (2016) X       X             X 
80 Vafadar et al. (2016) X       X             X 
81 Abdi and Labib (2017) X X X X X X       
82 Dubei et al. (2017) X X X X X X       
83 
Haddou Benderbal, Dahane 
and Benyoucef (2017) 
X X X X X X 
      
84 Prasad and Jayswal (2017) X X X X X X       
85 
Pugliese, Mesa and Maury 
(2017) X X X X X X             
86 Weng, He, and Pan (2017) X X X X X X             
   73 59 57 66 52 61 6 3 4 4 3 6  
  
Table 2 Reconfigurability characteristics and reconfiguration effort 
 Reconfiguration effort 










Koren et al. (1999) 
Koren (2013)  
Puik et al. (2016) 
Elmaraghy (2006) 
Rösiö (2012) 
Puik et al. (2016) 
Heisel and Meitzner (2006)  











Koren et al. (1999) 
Koren (2013)  
Aboufazeli (2011) 
Elmaraghy (2006) 
Weng, He and Pan (2017) 
Rösiö (2012) 
Koren (2013)  
Heisel and Meitzner (2006)  
Elmaraghy (2006) 










Koren et al. (1999) 
Koren (2013)  
Koren and Shpitalni (2010) 
Bi et al. (2008) 
Mehrabi and Kannatey-Asibu 
(2001) 
Stoian and Frumusanu (2007) 
Liu et al. (2004)  
Koren (2005) 
Weng, He and Pan (2017) 
Rösiö (2012) 
Elmaraghy (2006) 












Ayman, Youssef and ElMaraghy 
(2006)  
Elmaraghy (2006) 
Ayman, Youssef and ElMaraghy 
(2006) 
Landers, Min and Koren (2001)  
Elmaraghy (2006) 








Ayman, Youssef and ElMaraghy 
(2006)  
Scholz-Reiter, Lappe, and 
Grundstein (2015) 
Niroomand, Kuzgunkaya, and 
Bulgak (2014) 
Koren, Wang and Gu (2016) 
Elmaraghy (2006) 
Ayman, Youssef and ElMaraghy 
(2006)  
Koren, Wang and Gu (2016) 
Elmaraghy (2006) 











    
 
Koren (2013) 
Landers, Min and Koren (2001)  
Chaube, Benyoucef and Tiwari 
(2012)  
 Table 3 Classification of characteristics in configuration and reconfiguration ones 






























































































Koren (2005) X X X   X X 
Wiendahl et al. (2007) X X X   X X 
Koren and Shpitalni (2010)  X X X       
Rösiö (2012) X X X   X X 
Hasan, Jain and Kumar (2014) X X X   X X 
Mehrabi and Kannatey-Asibu (2001)       X     
Koren and Ulsoy (2002)           X 
Koren and Katz (2003)       X     
Liu et al. (2004)       X     
Tang and Qiu (2004) X       X X 
Heisel and Meitzner (2006) X X     X X 
Abbasi and Houshmand (2011)         X X 
Valente  (2016) X X   X X   
Son, Olsen, and Yip-Hoi (2001)           X 
Bruccoleri, Amico and Perrone (2003)       X     
Bruccoleri, Pasek and Koren (2006)       X X   
Deif and ElMaraghy (2006)           X 
Deif and Elmaraghy (2007a) X X       X 
Deif and Elmaraghy (2007b) X       X X 
Galan et al. (2007)         X X 
Elmaraghy (2009) X       X X 
Chaube, Benyoucef and Tiwari (2012) X       X X 
Goyal, Jain and Jain (2012) X       X X 
Azevedo, Crispim and Sousa (2017)           X 
Freiheit et al. (2004)   X X   
Muller, Grunewald and  Spengler (2017)   X X   
  
Table 4 Relationships between reconfigurability characteristics 
  
INFLUENCED CHARACTERISTICS 




























Mehrabi et al. 
2000a; 
Kusiak 2002; 
Shaik, Rao and 
Rao 2014; 
Puik et al. 2016; 
Bi et al. 2008a; 
Mesa et al. 2014; 




Garetti et al. 
2015; 
Negri et al. 2016; 
Valente 2016; 
Bruccoleri, Amico 
and Perrone 2003 
Heisel and 
Meitzner 2006;  
Koren 2006;  






Meitzner 2006;  
Koren 2006;  




Mehrabi et al. 
2000a; 
Koren 2006;  












Mehrabi et al. 
2000a; 
Kusiak 2002; 
Shaik et al. 2014; 
Puik et al. 2016; 
Bi et al. 2008a; 
Mesa et al. 2014; 





Garetti et al. 
2015; 






and Koren 2006 
Heisel and 
Meitzner 2006;  
Koren 2006;  
Wiendahl et al. 
2007; 
Koren and 
Shpitalni 2010;  
Deif and 
ElMaraghy 2007a;  
Wang and Koren 
2012; 
Mehrabi et al. 
2000b; 
Chaube et al. 
2012; 




and Koren 2005; 
Scholz et al. 2016; 
Rösiö 2012; 
Deif and 
Elmaraghy 2007b  
Heisel and 
Meitzner 2006;  
Koren 2006;  
Wiendahl et al. 
2007; 
Koren and 
Shpitalni 2010;  
Gumasta et al. 
2011; 
Mehrabi et al. 
2000b; 
Valente 2016; 
Chaube et al. 
2012; 




Mehrabi et al. 
2000a; 
Koren 2006;  
Shaik, Rao and 
Rao 2014; 
Wiendahl et al. 
2007; 
Puik et al. 2016; 
Fredriksson 2006; 
Zhang et al. 2015; 
Elmaraghy 2009; 
Elmaraghy 2006; 
Tang and Qiu 
2004; 
Meng 2010; 











- -   
Koren 2013; 
Zhang et al. 2006;  





Zhang et al. 2006; 
Wiendahl et al. 
2007; 
Bruccoleri, Pasek 
and Koren 2006; 
Rösiö 2012 
Koren 2006; 









- - -   - 
Heisel and 




Koren et al. 2016; 
Elmaraghy 2006; 

















- - - -   
Heisel and 
Meitzner 2006;  
Shabaka and 
ElMaraghy 2007; 




















- - - - -   
  
Table 5 Relationships of reconfigurability characteristics with production levels 
(references are summarised through identification numbers introduced in Table 1) 
  
Workstation level System level Factory level 
Modularity 
4, 8, 18, 19, 22, 23, 31, 37, 38, 
42, 48, 53, 55, 59, 64, 69, 70, 80, 
85 
1, 2, 3, 6, 7, 10, 12, 14, 15, 16, 17, 
18, 19, 20, 21, 22, 25, 27, 28, 29, 
32, 33, 35, 37, 38, 39, 40, 43, 44, 
45, 46, 47, 48, 49, 50, 51, 52, 53, 
56, 57, 59, 61, 62, 63, 65, 66, 67, 
68, 69, 71, 72, 73, 74, 75, 76, 77, 
78, 79, 81, 83, 82, 84, 85, 86 20, 22, 35, 37, 38, 48, 69 
Integrability 22, 23, 37, 38, 42, 48, 64, 69, 85 
1, 2, 3, 6, 7, 10, 14, 15, 17, 18, 19, 
20, 21, 22, 25, 27, 28, 29, 32, 33, 
37, 38, 39, 40, 43, 44, 45, 46, 47, 
48, 49, 50, 51, 52, 56, 57, 59, 61, 
62, 63, 66, 67, 68, 69, 72, 73, 74, 
75, 76, 77, 78, 81, 82, 83, 84, 85, 
86 22, 37, 38, 48, 69 
Diagnosability 22, 37, 38, 48, 69 
1, 2, 3, 6, 7, 10, 13, 14, 15, 17, 18, 
19, 20, 21, 22, 25, 27, 28, 29, 32, 
33, 37, 38, 39, 40, 43, 44, 45, 46, 
47, 48, 49, 50, 51, 52, 53, 56, 57, 
59, 61, 62, 63, 66, 67, 68, 69, 72, 
73, 75, 77, 78, 81, 82, 83, 84, 85, 
86 22, 37, 38, 48, 69 
Convertibility 
4, 8, 22, 23, 32, 37, 38, 42, 48, 
59, 69, 85 
1, 2, 3, 6, 7, 10, 11, 12, 14, 15, 17, 
18, 19, 20, 21, 22, 24, 25, 26, 27, 
28, 29, 30, 32, 33, 35, 37, 38, 39, 
40, 43, 44, 45, 46, 47, 48, 49, 50, 
51, 52, 53, 56, 57, 59, 61, 62, 63, 
66, 67, 68, 69, 72, 73, 74, 75, 77, 
78, 81, 82, 83, 84, 85, 86 22, 25, 37, 38, 48, 69, 73, 81 
Scalability  19, 22, 32, 42, 48, 59, 69, 85 
5, 9, 11, 12, 17, 19, 20, 22, 24, 
25, 26, 29, 30, 32, 33, 34, 35, 37, 
38, 43, 45, 48, 49, 50, 51, 53, 55, 
56, 57, 58, 62, 63, 67, 68, 69, 70, 
71, 72, 77, 78, 79, 82, 83, 84, 85, 
86 
20, 22, 25, 27, 35, 37, 38, 48, 55, 
69, 70, 71, 73, 81 
Customization 
4, 22, 23, 29, 32, 37, 38, 59, 60, 
69, 80 
1, 2, 3, 4, 6, 7, 10, 14, 15, 16, 17, 
18, 19, 20, 21, 22, 25, 27, 28, 29, 
32, 33, 35, 37, 38, 39, 40, 41, 42, 
43, 44, 45, 46, 47, 49, 50, 51, 57, 
59, 61, 62, 63, 65, 66, 67, 68, 69, 
72, 73, 74, 75, 77, 78, 81, 82, 83, 
84, 85, 86 10, 22, 25, 37, 38, 41, 69, 81 
  
Table 6 Relationships between reconfigurability characteristics across levels 
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Kannan and 
Saha 2009 
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Bi et al. 
2008a 
    X           X                   
Kruger and 
Basson 2016 















            X X X   X X       X X X 
Abdi and 
Labib 2017 
      X X X  X X    X X X 
Hees and 
Reinhart 2015 
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Abdi and 
Labib 2003 
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Koren, Wang 
and Gu 2016 
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